Abstract-The assessment of the capability of electronic equipment, to withstand harsh vibration environments, is an issue faced in several branches of engineering. Various researchers have studied the vibration response of electronic boards using different parameters, e.g., local board accelerations, bending moments, curvatures, etc., as a simpler alternative to very detailed stress analysis. However, the issue of what parameter best correlates with vibration failures remains open. This paper investigates this specific problem using an experimental approach to assess whether it is possible to correlate failures produced by intense vibrations, with a single macroscopic parameter such as the local board acceleration, curvature, or surface strain. Printed circuit boards populated with a grid of electronic components (20 different types and 32 identical components per type) have been subjected to vibration testing and the results show that there is a very good correlation between the board curvature (and its surface strain) and failures of the electronics. The work also shows that-for the components tested here-local board acceleration cannot be used to predict components failures. Although this research has focused on a particular set of components, these are representative of typical classes of electronic components, and therefore it should be possible to generalize the conclusions to similar hardware.
I. INTRODUCTION
T HE assessment of the capability of electronic equipment to withstand harsh vibration environments is an issue faced in several branches of engineering. Starting for example with satellites, which carry a considerable amount of electronics, and where the main concern is to withstand the very severe vibro-acoustic environment during launch, to aircraft and ships, all relying on electronic equipment during their operations. Electronic subsystems are also common in the automotive industry, defence industry, and the list could continue, with offshore applications, etc.
The most common electronic configuration use electronic components, such as resistors, transistors, etc., installed on a printed circuit board to create printed circuit assemblies (PCAs). Using a classical mechanical engineering approach focussed on the physics of the failure [1] - [5] , a two stage process can be used to assess the capability of electronic hardware to withstand a certain vibration environment. In the first stage, using appropriate mathematical models, the values of the relevant parameters that describe the structural response of the assembly to a specified input, is predicted. The second stage relates this calculated response to some predetermined failure criteria, which can vary according to the part, electronic component, joints, etc., to assess whether the assembly can withstand the level of response predicted.
Classical methods to analyze the response of PCAs subjected to harsh vibration environment are obsolete (see for example Steinberg [6] or "MIL-HDBK-217 Reliability Prediction of Electronic Equipment" [7] , and [8] for a more complete review of the state of the art on this subject) and the new methods, mostly based on a finite element (FE) approach [9] , although in principle able to predict a detailed structural response, are still not practical [8] . In fact-despite the progress of computer power-often it is still impractical to model each single electronic component on a printed circuit board (PCB), its pins, soldered joints etc. [10] , [11] . Although the software interfaces between CAD and FEM software packages have made considerable progress, and the growth in computer power allows tackling models with very large numbers of degrees of freedom, still, the creation of FE models that capture all of the component's relevant geometrical details require considerable analyst time. In practice, the whole design process is mostly carried out using engineering judgement based on past experience, with the minimum of detailed structural analyses and considerable trial and error.
A significant amount of structural analysis work on electronic equipment utilizes "smeared" properties FE models [12] , where a populated electronic board is modeled using shell elements to represent the board, and the effect of the components (on the board) is reproduced smearing their mass and stiffness on the shell elements representing the board. The accuracy of this method clearly depends on the type of smearing carried out [13] , [14] , (e.g., local smearing, where the mass and stiffness contributions of components are summed to those of the shell elements at the location of the component, or global smearing, where the components' effect are averaged and applied to the whole board) and characteristics of the equipment being modeled, with heavily populated PCBs requiring the stiffness and mass contributions to be included for satisfactory results, whereas very lightly populated PCBs can still be satisfactorily modeled even when the component effects are completely ignored.
1521-334X/$26.00 © 2010 IEEE Besides the accuracy of the modeling technique used to calculate the vibration response, which is beyond the scope of this paper, the evaluation of the PCAs' capability to withstand the vibration requires appropriate failure criteria, and specific thresholds to compare the response against, and this is the focus of this paper.
A considerable amount of work in this area considers the PCBs' local acceleration response as main input/output from FE simulations or testing. This is basically because environmental testing (e.g., against random vibrations or shocks) uses accelerations based specifications (e.g., acceleration spectral density or shock response spectrum) as the parameter to describe the environment and to control the input test level. Specimen response is typically monitored using accelerometers on the hardware, and although also strain gauges can be used to monitor the board response, this is rarely done, as it adds to the test complexity (strain gauge amplifiers, dummies for temperature compensation etc.). Also several electronic components, in their data sheet give values for the maximum acceleration that they can withstand, and all this gives the impression that acceleration is a crucial parameter to determine whether the components would fail or not [15] . Other work use the board displacement, local curvature [6] , [16] , [17] , or the local bending moment [18] as the parameter to assess failure probability. Aside from the fact that failure will ultimately occur when the stress at a particular location (e.g., a lead, a solder joint, or somewhere in the electronic package itself) has exceeded a particular value (and this can be extended to fatigue failures) more macroscopic criteria/parameters like the acceleration of the board or its strain are very useful failure criteria parameters as they can be directly compared with simplified (smeared) models predictions.
There is also considerable published work that investigates improving the capability of PCAs to withstand harsh vibration environments (Equipment Ruggedization), e.g., increasing damping, or using resilient mounts [19] or other techniques [20] and [21] . However, it is still necessary to evaluate whether the improvement produced using these techniques, is sufficient to prevent failures, and this still requires appropriate failure criteria.
In this paper, mainly following an experimental approach we investigate the feasibility of using a macroscopic failure criterion that does not require detailed assessment of the failure mode, and what the main parameter of this macroscopic failure criterion should be. Section II explains the rationale for the method proposed and after that, the details of the experimental campaigns carried out are described. The results, that support the thesis proposed in this paper, are then discussed and appropriate conclusions are drawn.
II. RATIONALE FOR THE PROPOSED METHODOLOGY
Typically, the failure thresholds for the parameters utilized the metrics describing failure criteria (e.g., the maximum tensile strength for a composite laminate material, or the S-N curve to summarize the fatigue resistance for an alloy) are determined experimentally; hence, the experimental approach taken in this work. Often it is possible to estimate these thresholds also starting from more elementary components (e.g., for a composite laminate the overall strength can be calculated from that of the fibres, resin system, characteristic of the plies, inclination, type, etc.) or extrapolating using semi-empirical methods (like Goodman criteria for fatigue problems [22] ). However, to do so, assumptions must be made on the materials and structure's behavior, more precisely on the effects of the various parameters that describe the loading, and also the manufacturing/assembly process as this could improve or deteriorate some material mechanical characteristics. Imprecision in these assumptions can produce a mismatch between the test results for the "assembly" (e.g., the laminate composite in the above mentioned example) and the predictions made on the basis of its elementary components. Therefore, test results for these assemblies are practically very useful when assessing the performance of a structure (made by the same type of assemblies) as they already include the effects of the interaction between the elementary components and those of the manufacturing/integration process.
Similarly, if we consider a PCB and an electronic component mounted on it (soldered, etc.) it is possible to calculate when this assembly will fail by examining the parts (and their modes of failure) in detail, i.e., the stress response in the leads, soldered joints, electronic component internal package materials, PCB laminate material, etc., which all require substantial computational effort. In fact, besides the issues with the accuracy of the model used to calculate the stress/strain response, also the properties of the materials, might be affected by the assembly process (e.g., thermal cycle for the soldering may affect the properties of the leads, etc.) so that the allowable stresses for the various parts might require modifications to account for these effects. In conclusion, despite the computational effort, the accuracy of the predicted results in terms of correlation with the assembly test results failure cannot be guaranteed a priory and has to be verified, thus requiring some assembly testing. Hence, the decision in this work to follow directly an experimental approach, test some assemblies (i.e., PCBs populated with various electronic components) as it will be discussed later, and find a more macroscopic parameter, like the acceleration at the location of the component, or the curvature of the board, that best correlates with the failure.
For this approach to be reliable a statistically representative number of specimen/samples must be tested, as the spread in the experimental results has to be investigated to allow statistically meaningful conclusions. In this case, for each of the 20 types of electronic component considered in this study (and described in Section III), a minimum of 32 specimens were tested, which is a suitable number for the scope of this work.
It is recognized that this method does not pin point the exact cause of failure (failure mode) and therefore cannot be used to improve the vibration robustness of a single electronic component on a PCB. However, following this procedure, all the modes of failure of components/PCB are considered simultaneously (avoiding having to look at the detailed modes of failures of soldered joints, leads, etc.,) and also the effects of the manufacturing/assembly are automatically taken into account. Therefore, components characteristics and installation procedures have to be consistent and quality controlled as the results will be applicable to the specific process, but can be extended to the products of other facilities provided that the same manufacturing standards have been used. Clearly, the application of this method will involve vibration testing components on PCBs. However, this cannot be avoided also when calculating failures from the modes of failures in various parts of the assembly, if reliable and accurate results are necessary. Whether in a commercial industrial engineering environment, a company finds it more effective to carry out very detailed FE simulations to examine the possible component/PCB modes of failure and from here to assess a possible PCA failure, or to use a more macroscopic criterion as advocated here, or simply to carry out extensive trial and error testing, is besides the scope of this paper.
The issue that is going to be experimentally investigated here is whether a single macroscopic parameter can be used to predict the failures, and what this parameter should be.
III. TEST SETUPS
A total of 640 electronic components were tested during this study. These were discrete resistors, capacitors, and transistors-see Figs. 1 and 2-and use a combination of pin through hole (PTH) and surface mount technology (SMT) mounting technology. The choice of components was to represent very common types, and their installation (soldering) on the board was carried out in the same manufacturing facility, following the quality controlled procedure used for flight hardware in the spacecraft industry. It is important to note that ultimately it is the whole electronic component packaging and its mount on the board that is being tested rather than just the component and its package content (i.e., a resistor, transistor, or capacitor).
The resistors considered in this experiment range from very small (0.3 mm) discrete units through to larger resistor arrays (10.2 mm) that house several different resistors (see Fig. 2 ), all of these resistor packages used an SMT mounting method. The transistors that are considered are also shown in figure and use the same SMT mounting. Finally, some capacitors and transistors are also represented on the board, installed using PTH mounting technology. Possible failures are detected by using a continuity testing system that monitors in real time the working of the board and determines exactly if/when a component fails. The type of component does influence the design of the continuity test circuit that will be discussed in Section IV.
To optimize the test procedure, it was decided to test as many components as possible simultaneously, and this was achieved distributing the components on the boards in the grid pattern shown in Fig. 1 . Due to the symmetry of the boards and boundary conditions, during the tests, four components per type experience exactly the same test conditions.
Two board setups were used. In the first one (Fig. 3) , the PCB had an overall square shape (250-mm side length, board thickness 1.6 mm, material FR4) supported along the four edges as visible in Fig. 3 .
In the second setup (Fig. 4) , the PCB, was actually of a rectangular shape, to allow one edge (with no components) to be clamped and leave a square populated part (of the same size as the first specimen) cantilever.
As components failure are related to the conditions at the component location, provided that the setups produce a sufficiently wide range of conditions on the board, a relatively small number of setups can be used. Here, two different setups were used; the first one (fully supported) allowed to investigate the effect of bi-axial board curvature on the components' failure rates, whereas the second setup (cantilever) produces a variable cur- vature (but only along one direction) and therefore allows an easier identification of the threshold that will produce failure of the components.
In particular, the cantilever test configuration permits investigation into the relative significance of acceleration and curvature on failure rate as the components at the free end of the cantilever specimen experience very high accelerations and very low curvatures, while the exact opposite is true for the components nearer the clamped end. This provides insight into the open question of whether local acceleration or the curvature is more damaging, and which metric should be used to correlate with component failures.
IV. TEST APPARATUS
The test apparatus, shown in Fig. 6 , is composed of the vibration system (including its controller and accelerations data acquisition system) and the electronic failure monitoring system.
A. Vibration System
Testing was carried out by imposing an out-of-plane vibration to the PCB support using an electrodynamic shaker (LDS Model 830-335T) controlled by a PC connected to a DVC 48 fourchannel vibration controller.
The response of each PCB is measured at seven locations, using a dynamic signal acquisition board (NI PCI-4472) and small accelerometers attached to the boards (Piezotronics, model 352M119). The accelerometer placement ensured that the exact response of the PCB could be built up after the test. The raw data was recorded at 2000 Hz to allow full flexibility in post processing of the data, should it be required. As the frequency content of the input was always below 1000 Hz, and the vibration response significant only for the lower modes, up to a few hundred hertz, the sampling frequency was deemed more than adequate.
B. Electronic Failure Monitoring System-Continuity Test Circuits
The functioning of the electronic components is monitored connecting the components in series and passing current through them-if any of the components should then fail, the circuit is broken and current is therefore unable to flow, which is measured with a voltmeter across a sense resistor (see Fig. 7 ). The continuity is tested in real-time to determine the exact time of failure, which allows the calculation of the number of cycles to failure and can be used in the fatigue life prediction. There are three different kinds of detector circuits for the three different types of components (see Fig. 7 ), these increase in complexity from the resistors, through the transistors and onto the capacitors.
The resistor continuity test circuit is shown in Fig. 7(a) ; for simplicity this diagram shows only four resistors, although-in reality-over 160 were actually tested. The voltage is measured and acquired using a National Instruments Ni-DAQ data acquisition system. The acquisition system samples at least ten times the frequency of the shaker test, this ensures enough resolution to pick up possible intermittent failures.
The transistor test circuit [ Fig. 7(b) ] is slightly more complicated, as the transistors have three leads and cannot be simply "daisy-chained." To overcome this problem, the base and collector of the transistor are connected together, this effectively short circuits these two parts of the transistor, causing the transistor to remain in a permanently "on" state. Then, if the base lead fails, the transistor stops conducting and the current flow stops. If the collector lead fails, the current can only flow through the base, which has a much higher resistance; therefore, the current is greatly reduced. Finally, if the emitter fails, the circuit is broken and no current can flow. The transistor circuit continuity is monitored in a similar way to the resistor continuity test circuit.
The capacitor test circuit is the most complicated; it requires both a sinusoidal voltage source and a special current smoothing circuit [as shown in Fig. 7(c) ]. The smoothing circuit takes the ac signal coming from the capacitors and changes it into a dc signal that can be easily measured by the acquisition system. Any fault of the capacitors and circuit interruption is seen as a drop of voltage at the monitoring point.
The continuity test circuit is not able to determine which component along the series has failed, and therefore when a failure is detected along the series, it is necessary to investigate manually where the failure has occurred and bypass the fault with a short circuit to allow the test to continue and the detection of the possible next failures.
V. TEST PROCEDURE
The test procedure consisted of the following.
• A sine survey (0.2-g sine sweep at 2 oct/min, between the frequencies of 5 Hz and 1000 Hz) was executed to characterize the behavior of the specimen setup.
• A low-level random vibration test was carried out to test all equipment, in particular the electronic failures monitoring system. • A sine survey identical to the first one, to verify that the response of the system had been unaffected by the random vibration. Sinusoidal vibrations, at a frequency close to the board, first resonate (in order to exploit a good dynamic amplification) starting with 0.4-g vibration level and increasing this level (doubling) in steps lasting 10 min each. The reason for a 10-min duration of the test levels is that this work was specifically carried out for an industrial sponsor interested in the capability of electronic equipment to withstand the satellite launch environment. However, as the purpose of this study was to compare the correlation between various response parameters and failures, the duration of the environment should be of secondary importance, as this was the same for all the components. Increasing the duration of the tests for amplitude levels where failures are not observed in 10 min, in theory, could bring about different failure modes. However, the testing carried out here showed no evidence of different modes of failure for the same components.
The level was doubled at each step to ensure that the effect of the previous load step was negligible compared to the current one.
After the application of each vibration test level, a sine survey was carried out and the results compared with the original sine survey to determine possible variations which could derive from damage to the board.
During the tests, the acceleration response provided by all the accelerometers was recorded and subsequently used to reconstruct the deformed shape of the vibrating board. When a failure was detected by the electronic failure monitoring system, the position of the fault was determined manually (testing each component along the series) and then the fault was "eliminated" by creating a short-circuit to bypass the faulty area/component.
VI. TEST RESULTS AND DISCUSSION
The main test results are captured in the diagrams in Fig. 8 that show the vibration level at which the failures were detected. The time (within the 10-min load step) when the component failed is shown on the board, and besides the board [ Fig. 8(a) ] are recorded input acceleration level, local acceleration, and local strain at the failed component. (Note that due to the cantilever configuration, acceleration and strain are constant across the width of the board.) For the fully supported configuration, accelerations and strains are reported directly on the board diagram [ Fig. 8(b) ].
From the responses of the accelerometers it is possible to reconstruct the deformed shape and from here the curvature of the board (or its strain) at any location.
Examining the cantilevered configuration first, the in-plane membrane forces are negligible, and therefore from the curvature (1/R, see Fig. 9 ) at a particular location, it is possible to determine immediately the maximum surface strain simply by dividing half of the board thickness by the radius of curvature at that location.
At this point, it is important to note that the results obtained in these tests are for a specific board thickness and cannot be directly extrapolated for other board thicknesses. In fact, if we consider as our parameter for the failure criterion the board curvature it is intuitive that for the same curvature on a thicker board the components on the surface are strained more than on a thinner board and therefore different failure rates would be observed. Using the surface strain as a failure parameter would not remove the problem because two different board thicknesses subjected to the same surface bending strain would have a different angle of bending ( , see Fig. 9 ) and therefore different stresses/strains induced at the components mountings and again different failure rates.
From the practical point of view, most Companies tend to work with a standard board thickness (e.g., 1.6 mm) and therefore provided the tests are carried out using the same thickness the issue of the board thickness could be removed.
However, as the failure criterion will be most likely used to assess the results of FE simulations, the surface strain can be obtained directly as output from any FE software package without any postprocessing, and therefore to describe failure data using the surface strain is easier to apply.
For all the components packages that showed failures, the surface strain level that produces such failures (considering appropriate statistical measures) can be used as a failure parameter. Similarly, for those components that did not show any failures, the maximum surface strain that they experienced can be used to define the safe range within which it is known that no failures should occur.
Most importantly, the cantilever test demonstrates that acceleration at a component location cannot be used to predict its likelihood of failure, at least for the type of components examined in this work. Examining the results shown in Fig. 8 can be seen that several components failed on the row closest to the clamping mechanism, while none failed at the free end even though they experienced by far the highest accelerations. The components closest to the clamping mechanism that experienced the highest curvatures, failed first and increasing the input level the failures progressed from there towards the free end. This result is particularly relevant as a considerable amount of literature considers acceleration as a proxy for component failures. It is true that higher accelerations imposed on a board will produce higher strains (and curvatures) that in turn will produce more electronic failures. However, to quantify when exactly components start to fail, the local board acceleration is not a suitable parameter.
Considering now the second setup-fully supported boardwith an input acceleration up to 6 g (that produced accelerations at the center of the board in the region of 100 g), the strains were still below the values achieved with the cantilever setup, although the accelerations where much higher. No failures were detected at this level, which confirmed the main result obtained from the cantilever setup i.e., that the strain correlates with the failures far better than accelerations.
The reason for the low stain values is mainly the much higher excitation frequency (125 Hz versus 13.5 Hz that was used for the cantilever set), which was necessary in order to exploit the dynamic amplification provided by the first resonance.
The next load step (beyond the 6-g input, i.e., 12 g) produced a nonlinear response, mainly due to the deflection dependent stiffness induced by the membrane behavior of the board when subjected to relatively large deformations. Here, three components failed (see Fig. 8 ), and the and direction strain levels at which the failure occurred are just below those that produced failures in the cantilever test. However, considering the interaction between simultaneous bending along the two axes using equivalent strains, the levels at which the components failed ( , , and , for cells 15, 11, and 7, respectively) become very similar to those seen in the cantilever configuration.
To summarize, in these tests, equivalent surface strain at the component location produced the best correlation with components failures, whereas local board acceleration did not show correlation with failures.
VII. CONCLUSION
An experimental approach has been applied to investigate whether it is possible to correlate failures produced by intense vibrations of printed circuit assemblies, with a single macroscopic parameter such as the board acceleration, curvatures, or surface strains. This would allow the direct comparison of typical FE predictions with a single parameter and thus establish whether or not failure should occur.
20 different types of typical electronic components were tested and for each type 32 samples were tested. The results show that there is a very good correlation between the board curvature (and its surface strain) and failures of the electronic components. The work also shows that-for the components tested here-board acceleration alone cannot be used to predict components failures.
This research has focused on a particular set of components, representative of typical classes of electronic components, and therefore the numerical values presented are clearly applicable only to these components. However, the general conclusion on the possibility of using surface strain to determine failures can be applied to all similar components.
